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1. 


INTRODUCTION 


The  acciunulation  of  ice  on  airfreune  and  engine  components 
has  a  detrimental  effect  on  aircraft  by  altering  aerodyneunic 
contours  and  affecting  the  nature  of  the  boundary  layer.  Ice 
accretion  reduces  lift  and  increases  weight,  drag  and  stalling 
speed.  Fuel  efficiency  drops  aind  power  rec[ulrements  increase. 
Either  de-icing  procedures  must  be  followed,  or  corrective  action 
must  be  initiated  to  depart  the  icing  environment  expeditiously. 

Potential  icing  hazards  for  HALE  aircraft  will  be  greatest 
during  alow  ascent  or  descent  through  supercooled  clouds,  or 
liquid  precipitation  at  temperatures  below  freezing,  within  the 
lower  troposphere.  At  operational  altitudes  (within  the 
stratosphere) ,  the  icing  hazard  for  HALE  aircraft  will  be 
virtually  nonexistent  due  to  extremely  low  temperatures  and 
insignificant  moisture. 

In  this  report,  the  character  and  distribution  of  the  air¬ 
craft  icing  environment  will  be  explored  to  define  operational 
limits.  Forecasting  techniques  and  icing  instrumentation  will 
be  discussed  as  viable  approaches  for  minimizing  icing  hazards. 
Finally,  recommendations  are  given  which  may  serve  to  improve 
HALE  aircraft  performance  during  inflight  icing  encounters. 

2.  CHARACTERIZATION 

In  the  atmosphere,  cloud  droplets  generally  remain  in  the 
liquid  state  even  at  temperatures  well  below  freezing.  The 
impact  of  such  supercooled  droplets  upon  a  passing  airplane 
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will  result  in  ice  accretion  on  exposed  surfaces.  The  nature  of 
the  ice  accretion,  emd  the  nature  of  the  potential  hazard,  is 
complex  and  depends  on  various  meteorological  and  aerodynamic 
factors.  Key  meteorological  factors  include  the  liquid  water 
content  (LHC),  the  size  of  the  droplets,  and  the  tenperature. 
Aerodyneunic  factors  include  the  collection  efficiency  of,  and  the 
compressive  heating  over,  all  parts  of  the  aircraft  as  a  function 
of  design  and  speed.  These  factors,  along  with  the  horizontal 
extent  of  the  supercooled  clouds  along  the  flight  path,  determine 
the  amount  of  icing. 

Aircraft  icing  occurs  in  three  basic  forms:  clear  ice,  rime 
ice,  and  frost.  In  addition,  the  simultaneous  occurrence  of  both 
clear  and  rime  ice-  called  mixed  icing-  is  common.  A  study  by 
Perkins  et  al.  (1957),  based  on  reconnaissance  flights  at  700  mb 
(3  km)  and  500  mb  (5.5  km),  reported  the  relative  frecjuency  of 
icing  by  types  as  follows:  clear,  10%;  rime,  72%;  mixed,  17%, 
and  frost,  only  1%.  Descriptions  of  the  three  basic  icing  types, 
taken  from  the  Air  Heather  Service  (AHS)  Forecaster's  Guide  on 
Aircraft  Icing  (1980) ,  are  now  presented. 

Frost,  a  light,  feathery  deposit  of  ice  crystals,  forms  by 
the  deposition  of  ice  on  a  cold  surface  directly  from  the  vapor 
phase.  It  usually  forms  on  the  upper  surfaces  of  parked  aircraft 
due  to  radiative  cooling.  Frost  is  unlikely  on  an  aircraft  in 
level  flight,  but  may  occur  if  an  aircraft  descends  quickly  from 
subfreezing  air  into  a  warmer,  moist  layer  below.  This  type  of 
icing  is  lanlikely  to  have  any  serious  effects  on  the  aerodynamic 
qualities  of  inflight  aircraft. 
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Clear  ice  is  a  glossy,  clear  or  translucent  ice  formed  by 
the  relatively  slow  freezing  of  large  supercooled  droplets,  which 
spread  out  over  the  airfoil  before  completely  freezing,  forming 
a  sheet  of  clear  ice.  This  type  of  icing  is  most  difficult  to 
remove,  as  it  bonds  fiarmly  to  a  surface.  The  rapid  and  heavy 
accumulation  of  clear  ice,  characteristic  of  freezing  rain,  is 
particularly  hazardous.  Clear  icing  usually  forms  at  tempera¬ 
tures  just  below  freezing  and  is  generally  associated  with 
cijmuliform  (convective)  clouds. 

Rime  ice,  the  most  prevalent  form,  is  a  rough,  milky,  opaque 
ice  formed  by  the  instantaneous  freezing  of  small  supercooled 
droplets  as  they  strike  the  aircraft.  The  opaque  appearance  is 
due  to  the  fact  that  the  droplets  maintain  their  spherical  shape 
upon  freezing,  between  which  air  is  trapped.  Due  to  its  porous 
and  brittle  nature,  rime  icing  is  easily  broken  away.  Rime  icing 
is  generally  acknowledged  to  form  at  lower  temperatures  than 
clear  ice,  and  is  prevalent  in  supercooled  stratiform  (layered) 
clouds . 

For  many  years,  the  characterization  of  the  icing  environ¬ 
ment  has  been  recognized  as  being  of  prime  importance  in  the 
setting  of  safety  standards  for  flight  operations .  Worldwide 
aircraft  observations  during  the  late  1940' s,  collected  by  the 
National  Advisory  Committee  on  Aeronautics  (NACA) ,  were  used  by 
Jones  emd  Lewis  (1949)  in  the  development  of  two  icing  envelopes 
defined  by  the  liquid  water  content,  droplet  size  distribution 
and  temperature.  One  envelope.  Figure  la,  represents  maxim\im 
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Figure  1.  (a)  Continuous  Maximum  (Stratiform  Clouds)  Atmospheric 

Icing  Conditions.  (b)  Intermittent  Maximum  (Cumuliform  Clouds) 
Atmospheric  Icing  Conditions  (after  FAA^  1974) . 


rime  icing  conditions  occurring  in  stratiform  clouds,  and  the 
other,  Figure  lb,  defines  maximum  clear  icing  that  would  be 
encountered  in  cumuliform  clouds.  Currently,  the  Federal 
Aviation  Administration  (FAA)  uses  these  envelopes  for  flight 
certification  into  icing  conditions  for  large  transport  category 
aircraft  (Federal  Air  Regulations  (FAR)  Part  25,  App.  C) ,  and 
these  same  data  are  included  in  the  Department  of  Defense 
standard  DOD-MIL-E-38453 . 

In  response  to  a  need  to  update  the  current  FAA  regulations 
for  low  altitude,  low  performance  aircraft,  Jeck  (1985)  combined 
historic  NACA  icing  data  with  modern  data  from  various  sources 
to  define  a  new  characterization  of  the  icing  environment  for 
altitudes  below  10000  ft  AGL  (Above  Ground  Level) ,  based  on  LWC, 
temperature  and  median  volvune  diameter  (MVD)  of  cloud  droplets. 

In  this  analysis,  the  maximum  observed  LWC  was  determined  to  be 
1.1  g/m^  for  layer  clouds  below  3  )cm  and  1.7  g/m^  for  convective 
clouds  over  the  continental  United  States.  The  MVDs  of  cloud 
droplets  ranged  from  3  to  35  nm,  with  a  large  fraction  of  the  MVD 
measurements  between  3  and  15  fim,  especially  for  layer  clouds. 

The  study  revealed  a  temperature  dependence  of  the  MVD,  with 
the  upper  limit  to  MVD  in  layer  clouds  decreasing  from  35  urn  at 
0°C  to  15  fim  at  <  -20®C  but,  for  convective  clouds,  increasing 
from  15  ^m  at  0°C  to  30  fim  at  -17®C.  At  -20°C,  the  approximate 
tenqperature  below  which  no  convective  clouds  will  be  found  at 
altitudes  below  3  km  AGL,  the  maximum  MVD  drops  ed>ruptly  to  15  fim. 
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Supercooled  cloud  droplets  were  found  to  have  a  low  temperature 
limit  of  ~25°C  in  wintertime  stratiform  clouds  at  4000  to  6000 
ft  AGL.  Figure  2  presents  a  unified  description  of  the  overall 
icing  environment  for  altitudes  tip  to  10000  ft  AGL.  Here,  no 
distinction  is  made  between  layer  atnd  convective  clouds,  as  the 
author's  purpose  is  to  provide  specific  extreme  LHC,  MVD,  and 
temperatures  criteria  for  both  design  and  flight  testing. 


Figure  2.  Approximate  Extreme  Values  of  LHC  and  HVD 
Combinations  Observed  in  Supercooled  Clouds  at 
Altitudes  up  to  10000  ft  AGL  (after  Jecic,  1985)  . 
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Statistics  on  the  horizontal  extent  of  icing  events  were 
also  compiled  by  Jeck.  To  do  this,  the  horizontal  extent  was 
arbitrarily  defined  as  the  cumulative  distance  of  uniform  cloud 
intervals  (icing  events)  not  broken  by  a  gap  greater  than  1  nm. 
The  analysis  indicated  that  the  maximum  horizontal  extent 
decreases  with  increasing  LWC  emd  that  shorter  extents  are  more 
common.  Specifically,  50%  of  all  cases  had  horizontal  extents 
<5  nm,  and  90%  had  extents  <15  nm.  The  horizontal  extent  was 
greatest  (up  to  50  nm) ,  in  upslope  supercooled  stratiform  clouds. 

A  comparison  of  the  FAR  Part  25,  App.  C  requirements 
(Figure  1)  and  the  new  low  altitude  characterization  (Figure  2) 
reveals  several  noteworthy  differences.  First,  the  new  charac¬ 
terization  encompasses  MVDs  between  3  and  15  fim  which  were 
omitted  from  FAR  Part  25,  App.  C.  Second,  the  new  characteriza- 
tion  gives  a  maximvun  LWC  of  -1.7  g/m  at  22  fim,  while  the  FAA 
requirement  is  for  2.9  g/m  at  15  ^m.  This  difference  is 
plausible  since  icing  clouds  developed  within  10000  ft  of  the 
surface  under  convective  conditions  will  be  less  severe,  and 
thus  with  a  lower  LWC,  than  clouds  with  development  extending 
to  higher  altitudes.  Third,  the  new  characterization  has  no 
cemperature  lower  than  -25^C,  whereas  FAR  Part  25,  App.  C 
requirements  Indicate  temperatures  as  low  as  -30*^C,  perhaps  to 
-40®C.  Finally,  the  occurrence  of  icing  with  MVDs  >  36  fim  is  not 
shown  in  the  new  characterization.  Indeed,  the  validity  of  the 
FAR  Part  25,  App.  C  icing  envelopes  beyond  36  nm  is  cjuestioned  by 
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Jeck  (1985) ,  who  claims  that  large  MVDs  are  likely  to  contain 
large  positive  errors  due  to  limitations  of  the  multicylinder 
technique  upon  which  these  data  were  gathered. 

Another  characterization  of  aircraft  icing,  based  on  some 
42000  km  of  measurements  over  a  5  year  period,  is  presented  by 
Sand  et  al.  (1984) .  The  icing  encounters  occurred  at  altitudes 
from  0  to  8  km  MSL  (Mean  Sea  Level)  ,  in  svimmer  and  winter  over 
different  geographic  regions,  in  stratiform  and  cumulifointi 
clouds,  and  at  temperatures  from  0  to  -30°C.  In  general,  the 
measurements  in  this  extensive  data  set  fall  within  the  FAA 
icing  envelopes  of  FAR  Part  25,  App.  C.  Most  icing  measurements 
were  concentrated  in  the  interval  0  to  -20°C;  the  median  temper¬ 
ature  of  the  data  set  was  -9°C.  Maximum  values  of  LWC,  measured 
by  different  probes,  were  2.5  g/m^  and  slightly  less  than  3  g/m^. 
The  high  values  of  LWC  did  not  extend  over  long  distances; 
indeed,  average  LWCs  >  1  g/m'^  (characteristic  of  severe  icing) , 
were  rarely  encountered  over  distances  greater  than  20  km.  The 
median  MVD  of  the  cloud  droplets  was  ~15  tim,  but  the  observations 
included  values  from  5  to  40  ttm.  The  droplet  concentrations  were 
<  400  cm”^  in  90%,  and  <  110  cm”^  in  50%,  of  the  icing  regions. 
The  mean  ice  crystal  concentration,  in  regions  where  the  LWC  was 
>  .025  g/m  ,  was  observed  to  be  4  L  but  ice  crystal  concentra¬ 
tions  ranged  up  to  nearly  1000  L”^;  moreover,  ~15%  were  greater 
(less)  than  100  L”^  (.25  L“^) . 
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An  additional  icing  characteristic  determined  by  Sand  et  al . 
was  the  potential  acciomulation,  defined  as  the  mass  of  super¬ 
cooled  water  that  would  accrete  during  an  icing  encounter,  per 
unit  surface  area,  if  the  collection  efficiency  was  unity.  The 
potential  accumulation  is  a  maximum  limit  since  actual  accumula¬ 
tion  of  ice,  even  without  de-icing  or  anti-icing  protection, 
would  generally  be  less  because  collection  efficiencies  are 
usually  less  than  unity  and  because  some  sviblimation  of  ice  is 
likely.  Sand  et  al.  report  that  for  single  icing  events  with 

-a 

the  LWC  continuously  aUoove  .01  g/m  ,  potential  icing  accumula¬ 
tions  <  .67  g/cm”^  (.84  cm)  occurred  in  99%  of  the  cases.  For 
the  over  500  individual  icing  encounters  which  start  with  the 
first  exposure  to  LWC  >  .025  g/m*^  and  end  when  the  temperature 
at  flight  level  exceeds  0°C,  the  potential  accumulation  exceeded 
4  g/cm  (-^5  cm)  in  only  about  10%  of  the  cases,  and  exceeded 
8  g/cm  ^  in  only  jd>out  1%.  The  extreme  value  of  19  g/cm  ^ 

(~24  cm)  was  determined  for  a  several  hour  flight  pattern 
through  active  summertime  cumulus  clouds. 

In  their  report.  Sand  et  al.  also  reported  on  the  effects  of 
these  cloud  characteristics  on  aircraft  performance.  Although 
their  conclusions  are  specific  to  the  Super  King  Air  aircraft, 
the  observed  effects  of  icing  on  performance  exemplify  what  could 
be  expected  on  other  aircraft,  including  HALE,  under  similar 
conditions.  The  findings  include: 

1)  A  reduction  in  the  rate  of  climb,  with  a  corresponding 
increase  in  drag  and  decrease  in  lift,  was  found  to  increase 
linearly  with  the  potential  accumulation  for  most  icing  events. 
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2)  Flights  through  mixed-phase  regions  (ice  aggregates  in 
co-existence  with  supercooled  cloud  droplets)  indicate  that  ice 
particles  do  not  have  any  major  influence  on  ice  accretion, 

and  their  presence  did  not  appear  to  have  any  significant 
influence  on  the  performance  of  the  aircraft. 

3)  Ice  accretion  in  the  form  of  clear  ice  had  substan¬ 
tially  greater  effects  on  perfoannance  than  cases  of  rime  ice 
with  similar  total  accretion. 

4)  Although  seldom  encountered,  the  most  hazardous  icing, 
and  the  greatest  effect  on  airplane  performance,  occurred  in 
cases  where  supercooled  droplets  of  40-300  ^m  diauneter  were 
present.  The  only  two  recorded  instances  of  icing  on  the 
undersides  of  the  wings,  which  resulted  in  necessary  flight 
diversions,  were  associated  with  these  sized  droplets.  Accretion 
of  still  larger  supercooled  droplets,  and  especially  raindrops 
with  diameters  >  1  mm,  seemed  to  have  a  less  pronounced  effect, 
as  these  very  large  drops  have  a  tendency  to  splash  rather  than 
accrete  on  a  surface. 

In  the  presence  of  supercooled  clouds,  the  actual  rate  of 
ice  accretion  on  a  HALE  aircraft  will  depend  to  a  great  degree 
on  the  collection  efficiency  and  aerodynamic  heating  of  the 
aircraft  component  involved.  The  collection  efficiency,  the 
fraction  of  liquid  water  collected  by  the  aircraft,  varies 
directly  with  the  droplet  size  and  aircraft  speed,  and  depends 
upon  the  curvature  of  the  collecting  surface.  Ice  will  form  more 
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readily  on  parts  of  the  aircraft  having  a  small  radius  of  curva¬ 
ture  (i.e.,  thin  wings  and  tail  leading  edges)  as  these  edges 
disturb  the  airflow  very  little,  allowing  the  capture  of  most 
droplets  in  the  volume  of  air  swept  out  by  the  edge. 

On  the  other  hand,  bluff  surfaces  (i.e.,  thick  wings, 
canopies)  so  disturb  the  airflow  that  only  a  small  percentage 
of  the  cloud  droplets,  especially  the  smaller  ones,  are  caught. 
Once  ice  accretion  has  begun,  the  shape  of  the  collecting  surface 
undergoes  modification;  almost  always,  the  radius  of  curvature 
becomes  smaller  and  the  collection  efficiency  increases.  The 
faster  the  aircraft  speed,  the  greater  the  collection  efficiency, 
since  the  trajectory  of  cloud  droplets  are  deviated  less  and  more 
drops  in  the  swept  volxime  are  caught.  Of  course,  the  faster  the 
aircraft  the  greater  the  rate  of  catch,  since  a  greater  volume 
of  air  is  swept  out  per  time  by  a  unit  area  of  the  projected 
surface.  For  a  given  radius  of  curvature  of  a  leading  edge, 
and  for  a  given  speed,  collection  efficiency  has  been  shown  to 
increase  in  relation  to  droplet  diameter  (Jones,  1956) .  A 
summary  of  the  mathematical  analysis  involved  in  the  calculation 
of  collection  efficiency  for  various  types  of  airfoil  is  given 
by  Brun  (1957) . 

Aerodynamic,  or  kinetic,  heating  is  the  temperature  rise  due 
to  adiabatic  compression  and  friction  as  an  aircraft  penetrates 
the  air.  This  temperature  rise  is  greatest  on  the  leading  edge 
of  the  wing  (a  stagnation  point) ,  and  least  for  the  portion  of 
the  upper  wing  surface  to  the  rear  of  the  midchord.  The  aunount 
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of  heating  varies  directly  with  the  speed  of  the  aircraft  and 
the  air  density.  The  kinetic  heating  effect  is  reduced  in 
flight  through  supercooled  cloud  droplets,  due  to  various  heat 
transfers  involving  water  droplets.  A  detailed  discussion  of 
aerodynaunic  heating  in  clear  air,  in  supercooled  clouds,  and 
in  mixed-phase  clouds,  is  presented  by  Jones  (1961) . 

Threshold,  or  critical  temperatures,  for  the  occurrence  of 
aircraft  icing  on  the  leading  edge  of  a  wing  and  to  the  rear  of 
the  airfoil  midchord,  as  a  function  of  altitude  and  speed,  are 
given  in  Figure  3.  Comparison  of  Figures  3a  and  3b  indicates  the 
differences  in  aerodyneunic  heating  as  a  function  of  airfoil  loca¬ 
tion.  As  one  can  observe  in  Figure  3a,  the  aunount  of  aerodynsunic 
heating,  at  a  fixed  level,  is  much  less  at  low  air  speeds;  for 
exaunple,  at  10000  ft,  the  kinetic  heating  at  150  kt  is  1.2°C 
but,  at  450  kt,  it  is  greater  than  12°C.  Thus,  for  slow  flying 
planes,  such  as  HALE,  the  amount  of  ice  protection  from 
aerodynamic  heating  effects  appears  to  be  small.  Moreover, 
according  to  Coles  and  Ruggeri  (1954) ,  the  effectiveness  of 
aerodynamic  heating  for  the  removal  of  accvunulated  ice  at  high 
altitudes  is  poor  due  to  the  slowness  of  the  process. 
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3. 


DISTRIBUTION 


The  distribution  of  icing  in  the  atmosphere  is  dependent 
upon  the  temperature  and  the  cloud  (liquid  water)  structure 
which,  in  turn,  vary  with  altitude,  synoptic  conditions, 
orography,  location  wd  season.  In  this  section,  the  inq>ortance 
of  these  secondary  factors  will  be  exaunined  amd,  several  icing 
probability  climatologies  will  be  presented. 

In  general,  the  frequency  of  icing  decreases  rapidly  with 
decreasing  temperature.  Statistics  con^iled  from  reconnaissance 
flights  by  Perkins  et  al.  (1957)  indicate  that,  without  any  a 
priori  knowledge  of  the  existence  of  clouds,  the  probaUble 
frequency  of  icing  for  the  10000-18000  ft  level  drops  appreciadbly 
with  decreasing  temperature,  from  ad>out  6%  at  -5^C  to  approxi¬ 
mately  1%  at  -30°C  (Figure  4a)  .  The  probaJ:>le  frequency  of  icing 
increases  draunatically  if  clouds  are  known  to  exist,  ranging 
from  slightly  below  40%  at  -5°C  to  near  10%  at  -30®C  near  the 
15000  ft  level  (Figure  4b) .  This  graph  is  useful  in  that  it 
could  provide  an  estimate  of  how  ro2uiy  flight  miles  through  clouds 
at  a  certain  tesqserature  and  altitude  would  be  subject  to  icing 
conditions . 

Various  studies  have  been  undertaken  to  determine  the  rela¬ 
tionship  among  tenqperature,  the  dewpoint  spread  (the  difference 
between  the  tesperature  and  the  dew  point) ,  and  aircraft  icing 
occurrence.  In  a  study  reported  by  AlfS(1980),  all-weather  flight 
data,  svunmarized  irrespective  of  altitude  and  ten^erature, 
statistically  showed  a  84%  probability  that  there  would  be  no 
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Figura  4.  (a)  ProbaUble  Frequency  of  Icing  as  a  Function  of  Alti¬ 
tude  and  Temperature  Without  Consideration  of  Clouds. 

(b)  Probable  Frequency  of  Icing  in  Clouds  as  a  Function 
of  Altitude  and  Teoperature  (from  AWS,  1980) . 
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icing  if  the  dewpoint  spread  was  >  3®C,  and  a  80%  probability 
that  there  would  be  icing  if  the  spread  was  <  3°C.  Statistics 
based  on  over  5000  IMS  reconnaissance  reports  in  stratiform 
clouds  at  free-air  teo^eratures  between  0  and  -32°C  (AWS,1980), 
show  a  predominant  temperature  range  for  icing  from  -3°C  to 
— 7°C,  a  dewpoint  spread  of  0  to  -1®C  for  the  majority  (55%)  of 
the  1550  icing  cases  and,  a  minimum  percentage  of  icing  at 
dewpoint  spreads  of  7°C  or  more.  These  results  agree  well  with 
the  empirical  conclusions  of  Appleman  (1954)  which  show  that 
icing  in  stratiform  clouds  should  occur  only  when  the  dewpoint 
spread  is  less  than  or  equal  to  -0.2  times  the  dew  point 
temperature . 

The  icing  environment  for  aircraft  is  restricted  to  below 
30000-35000  ft  (-10  km)  altitude.  At  this  altitude,  the  U.S. 
(NACA)  standard  atmosphere  ten^>erature  is  close  to  -50°C,  which 
is  considerably  lower  than  the  lowest  temperature  at  which  super¬ 
cooled  droplets  can  exist  ( — 40®C) .  Within  the  stratosphere, 
temperatures  are  generally  even  colder  (a  notable  exception  is 
the  summer  polar  stratosphere,  with  temperatures  near  -40°C 
possible),  euid  aircraft  icing  does  not  occur. 

Aircraft  icing  can  occur  in  stratiform  and  cumuliform 
clouds,  but  rarely  is  associated  with  cirrus  clouds  which,  by 
description,  are  composed  of  ice  crystals.  The  few  occasions 
icing  (of  light  intensity)  has  been  reported  with  cirriform 
clouds  are  within  the  dense  cirrus  anvil  tops  of  cumulonimbus 
thtinderclouds)  ,  where  strong  updrafts  allow  the  tramspoirt  of 
liquid  water  to  high  levels  at  rather  low  tenperatures . 
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For  temperate  latitudes,  low-level  euid  mid-level  stratiform 
clouds  occur  at  altitudes  below  20000  ft.  Icing  within  these 
clouds  normally  is  confined  to  layers  several  thousand  feet 
thick.  Rime  and  mixed  icing,  usually  of  a  light  intensity,  are 
observed  in  stratiform  clouds,  with  maximum  values  of  accretion 
most  likely  to  occur  in  the  upper  portion  of  the  cloud.  Although 
icing  intensity  is  usually  of  a  light  nature,  it  could  create  a 
problem  if  flight  is  prolonged  in  this  environment,  since 
stratiform  cloud  decks  commonly  extend  over  a  considerzJsle 
horizontal  distance. 

The  icing  environment  associated  with  cumuliform  clouds  is 
more  variable  than  that  with  stratiform  clouds,  being  highly 
dependent  on  the  stage  of  development  of  a  particular  cloudy. 

Fair  weather  ciimulus  clouds,  found  at  1  to  2  km  altitudes,  do 
not  present  a  serious  icing  hazard.  On  the  other  hand,  cumulus 
congestus  and  cumulonimbus,  which  can  extend  to  10  km  and  even 
beyond,  present  serious  icing  hazards.  In  a  building  cumulus, 
icing  occurs  at  all  levels  aJ3ove  the  0°C  isotherm  and  is  most 
intense  in  the  upper  half  of  the  cloud.  The  most  severe  icing 
often  occurs  in  the  developmental  stage  from  cumulus  congestus 
to  cximulonimbus .  In  a  mature  cxunulonimbus,  icing  is  most  likely 
in  updraft  regions  of  small  horizontal,  but  considerable  verti¬ 
cal,  extent.  Icing  associated  with  a  decaying  cumulonimbus 
generally  concentrates  into  a  shallow  batnd  ed^ove  the  freezing 
level . 
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Middle  amd  high  latitude  weather  fronts,  boundary  surfaces 
separating  airmasses  of  different  characteristics,  are  preferred 
locations  for  potential  aircraft  icing.  Clouds  associated  with 
warm  fronts,  where  warm  air  is  replacing  cold  air  (ie.  warm-air 
advection) ,  are  usually  stratiform.  Harm  frontal  icing  may  occur 
both  above  and  below  the  frontal  surface.  Hazardous  icing 
conditions,  with  moderate  to  severe  clear  icing,  are  possible 
where  freezing  rain  or  drizzle  falls  through  the  cold  air  beneath 
the  front.  Icing  above  the  frontal  surface  is  usually  confined 
to  cloud  bands  several  thousand  feet  thick  and  may  extend  over 
considerable  horizontal  extent.  Icing  may  extend  well  in  advance 
of  the  warm  front  surface  position.  Jones  (1956)  found  a  definite 
likelihood  for  light  to  moderate  icing  100  to  300  miles  ahead  of 
the  surface  front,  especially  for  fast  moving,  active  warm  fronts. 

Icing  associated  with  cold  fronts,  where  cold  air  is  occupy¬ 
ing  territory  covered  by  warm  air,  is  generally  less  widespread 
than  wainn  frontal  icing.  Moderate  clear  icing  usually  occurs 
within  100  miles  to  the  rear  of  the  surface  cold  frontal  position 
in  unstable  supercooled  cumuliform  clouds,  and  is  often  most 
intense  immediately  above  the  frontal  zone.  Often  times,  light 
icing  may  be  encountered  in  extensive  layers  of  supercooled  low- 
level  (<7000  ft)  stratocumulus  clouds  which  frequently  exist 
behind  cold  fronts  for  several  htmdreds  of  miles.  Icing  condi¬ 
tions  in  stationary  fronts  amd  occluded  (combined  cold  amd  warm) 
fronts  are  similar  to  those  of  a  warm  or  cold  front,  depending 
on  the  type  the  stationary  or  occluded  front  most  resembles. 
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Moderate  icing  conditions  can  occur  in  zones  of  vorticity  maxima 
associated  with  upper  air  disturbainces,  cut-off  lows^  and  deep, 
cold  occluded  cyclones. 

In  the  tropics,  icing  is  probable  only  in  energetic 
convective  clouds  (cumulus  congestus  and  cumulonimbus) ,  at 
middle  tropospheric  levels  (~5-10  km)  .  Trade-wind  cumulus 
clouds,  which  characteristically  cover  about  one-third  to  one- 
half  of  the  oceanic  tropics,  do  not  present  an  icing  hazard  as 
their  tops  (1500-2500  m)  are  well  below  the  freezing  level. 

A  major  influence  in  the  distribution  of  icing  is  orography. 
Icing  is  more  intense  in  high  or  steep-sloping  terrain  than  under 
identical  conditions  over  low,  flat  terrain.  Mechanical  lifting 
of  air  by  mountainous  terrain  often  results  in  convective  clouds 
and  accompaning  clear  icing.  Extensive  aircraft  icing  zones  are 
common  on  the  windward  slopes  of  coastal  mountain  ranges  in 
winter  as  lifted  moisture- laden  maritime  polar  air  results  in  the 
formation  of  widespread  supercooled  clouds.  Additionally,  the 
persistence  of  orographically- induced  updrafts  permit  the  air  to 
support  larger  cloud  droplets  and  higher  LHC,  which  are  favored>le 
to  more  severe  icing  conditions.  The  combination  of  terrain- 
induced  lifting  and  frontal  situations  produces  especially 
hazardous  icing  conditions. 

Wide  variations  exist  in  the  geographic  and  seasonal 
distribution  of  aircraft  icing  frequency,  due  to  large  variations 
in  temperature  and  avail^Q?le  moisture.  Although  icing  may  occur 
during  any  season,  it  is  more  prevalent  from  late  fall  to  early 
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spring  in  mid-latitudes,  when  the  temperature  of  the  lower 
atmosphere  is  below  freezing  and  cyclonic  stozins  and  fronts, 
with  their  associated  cloudiness,  are  more  frequent.  During 
the  winter  season,  icing  is  very  frequent  over  the  warm  ocean 
current  areas  east  of  continents  (ex.  Gulf  Stream,  Kuroshio) , 
and  to  the  lee  of  large  bodies  of  water  (ex.  Great  Lakes),  as  a 
result  of  the  rapid  saturation  of  cold,  dry  air.  High  icing 
frequencies  are  also  noted  during  the  winter  half  of  the  year 
over  those  western  portions  of  continents  where  strong  westerly 
flow  transport  ample  moisture  inland  from  the  oceans.  Icing 
probabilities  are  enhainced  during  winter,  due  to  intense 
orographic  lifting,  for  those  continents  with  high  mountains 
covering  the  western  portions  (ex.  North,  South  America) .  In 
polar  regions,  icing  frequencies  are  minimal  in  winter  due  to 
intense  cold  and  low  moisture,  and  maximum  in  summer.  Within 
the  tropics,  where  the  temperature  below  10  km  varies  little 
from  season  to  season,  icing  frequency  is  dependent  upon  avail¬ 
able  moisture  and  the  state  of  atmospheric  st2d>ility.  As  a 
result,  the  highest  frequency  of  icing  will  occur  in  organized 
convergence  (convective)  systems  during  the  rainy  season (s), 
and  the  lowest  frequency,  during  the  dry  season (s). 

In  their  study  based  on  weather  reconnaissance  data  at  700 
and  500  mb  over  ocean  areas  in  the  Northern  Hemisphere  (>  20  N) , 
Perkins  et  al.  (1957)  found  the  greatest  winter-icing  frequency 
over  the  northern  and  western  parts  of  the  North  Pacific  and 
North  Atlantic,  and  the  least  over  the  Arctic  Ocean.  At  700  mb 
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(~3  Icm)  ,  little  seasonal  variability  is  observed  over  the 
northern  portions  of  the  Atlantic  amd  Pacific  Oceauis.  However, 
comparatively  large  seasonal  variations  are  found  over  other 
ocean  areas,  with  winter  the  season  of  maximxun  icing  (due  to 
more  suiteUble  temperatures) ,  except  over  the  Arctic,  which  has  a 
maximum  in  summer.  At  500  mb  (~5.5  )un) ,  because  temperatures  are 
almost  always  below  O^C,  the  seasonal  variation  of  icing  is  more 
dependent  on  moisture  than  temperature.  Summer  seasonal  maxima, 
due  to  higher  moisture  content,  are  found  over  the  Arctic  Ocean 
and  western  portions  of  the  Atlantic  and  Pacific  Oceans.  For  the 
eastern  ocean  areas,  maximum  icing  near  500  mb  is  found  in  the 
fall,  the  season  of  greatest  cyclonic  and  convective  activity. 

In  addition  to  statistics  of  aircraft  icing  probed>ilities 
based  on  actual  observations,  several  studies  on  the  probability 
of  encountering  icing  in  the  Northern  Hemisphere  have  been 
conducted  by  Katz  (1967)  and  Heath  and  Cantrell  (1972) .  For 
both  studies,  icing  probability  charts  are  calculated  for  each 
month  for  several  lower  tropospheric  levels;  the  type  and 
severity  of  the  icing  are  not  considered.  The  earlier  study 
utilizes  observed  temperature  and  cloud  amount  data  to  construct 
the  probabilities.  The  updated  study  by  Heath  and  Camtrell  does 
not  consider  actual  cloud  observations  but  rather  assumes  the 
presence  of  clouds  based  on  particular  limits  of  temperature/ 
dew-point  spread  as  determined  from  AWS  reconnaissance  flights 
into  icing  conditions.  In  general,  both  of  these  climatological 
probabilities  of  aircraft  icing  present  similar  geographic  and 
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seasonal  distributions.  Szunple  charts  from  Heath  and  Cantrell 
are  presented  for  700  mb  in  Jemuary,  auid  for  500  mb  in  July,  in 
Figures  5a  and  5b,  respectively. 

A  climatic  atlas  that  shows  percent  frequency  of  occurrence 
of  potential  icing  conditions  over  North  America  has  recently 
been  published  by  USAFETAC  (1986) .  Data  from  various  sources  are 
used  to  determine  the  percent  frequency  of  occurrence  of  a  liquid 
water  content  threshold  concentration  in  a  defined  layer  and 
temperature  range.  Output  was  generated  for  three  concentrations 
(.1  g/m^  (trace  to  light  icing),  .5  g/m"^  (moderate  icing),  and 
1.0  g/m  (severe  icing)),  three  layers  (surface  to  1524  m,  1525- 
3048  m,  and  3049-4572  m) ,  and  for  temperatures  below  freezing. 
This  data  was  converted  into  monthly  and  annual  maps  showing 
percent  frequency  of  occurrence  of  potential  icing  conditions. 

An  example  of  one  such  chart  is  shown  in  Figure  6.  To  interpret 
this  chart,  consider  the  location  New  York  City:  the  January  cloud 
cover  (surface  to  1524  m)  at  New  York  City  will  have  a  liquid 
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water  content  of  .  1  g/m"^  or  more  ed^out  60%  of  the  time  at  a 
temperature  below  freezing,  conditions  favorable  for  the 
formation  of  icing. 

4 .  FORECASTING 

It  should  be  clear  from  the  foregoing  section  on  icing 
characterization  that  the  detail  of  the  icing  experience  likely 
to  be  encountered  on  a  route  is  governed  by  so  mamy  complex 
factors  as  to  make  the  forecasting  problem  most  difficult. 
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Figure  6.  Jainuary,  Surface  to  1524  m.  Concentration  .10  g/m^. 
(from  USAFETAC,  1986) 

Additionally,  the  coarseness  of  the  radiosonde  network  coupled 
with  the  relative  infrequency  emd  randomness  of  data  measurements 
does  not  lend  to  accurate  and  well-defined  assessments  of  icing 
potential.  Both  liquid  water  content  and  droplet  size  distribu¬ 
tion,  very  importauit  parameters  influencing  accumulation  rate  and 
ice  type,  are  not  measured  on  a  routine  basis,  but  rather  are 
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Inferred  from  radiosonde  parameters  for  insertion  into  icing 
prediction  models.  Improvements  in  ice  forecasting  methods  are 
haunpered  by  inadequate  verification.  In  general,  reports  which 
could  be  used  in  forecast  verification  lack  statistical  purity 
(especially  in  regards  to  icing  intensity) ,  and  are  dependent 
on  airfreune  and  de-ice  capabilities.  Nonetheless,  in  spite  of 
the  aforementioned  problems  associated  with  aircraft  icing 
forecasting,  it  is  certain  that  current  forecasting  techniques 
can  contribute  notably  to  the  safety  of  a  HALE  mission  by 
minimizing  the  risk  of  inflight  icing. 

In  the  United  States,  the  National  Weather  Service  (NWS) 
is  responsible  for  preparing  aircraft  icing  forecasts  for  the 
civilian  sector,  and  the  USAF  Air  Weather  Service  (AWS)  and  the 
USN  Naval  Oceanography  Command  for  the  military  sector.  While 
the  NWS  issues  routine  regional  forecasts,  military  forecast  tend 
to  be  oriented  toward  a  particular  flight  mission.  Irrespective 
of  the  issuing  agency,  icing  forecasts  usually  cover  large 
volumes,  as  meteorologists  working  with  coarse-resolution  data 
tend  to  forecast  conservatively  by  predicting  icing  over  unduly 
large  areas  or  expemded  times.  Current  procedures  for  forecast¬ 
ing  aviation  icing,  based  on  the  study  of  Tucker  III  (1983) ,  are 
now  reviewed. 

NWS  forecasts  of  potential  icing  conditions  are  issued  via 
teletype  for  six  regional  aviation  zones  for  the  conterminous 
U.S.  land  and  adjacent  coastal  waters  three  times  daily,  with 


updates  whenever  warranted.  Although  these  forecasts  are  valid 
for  12  hours,  more  precise  times  and  locations  of  euiticipated 
icing  are  usually  included.  The  accuracy  of  any  particular 
forecast  is  dependent  upon  the  skill  zmd  experience  of  the 
forecaster,  the  receipt  of  adequate  data  (pilot  reports,  satel¬ 
lite  imagery,  radar  observations,  upper  air  soundings,  local 
analyses) ,  and  the  accuracy  and  interpretation  of  computer  and 
manually-derived  NWS  forecast  guidance  and  aids.  As  a  starting 
point,  the  forecaster  has  to  locate  those  areas  of  sufficient 
moisture  at  altitudes  above  the  freezing  level;  this  is  usually 
accomplished  by  use  of  any  of  several  prognostic  and  analysis 
products.  After  such  potential  icing  areas  are  defined,  a  more 
detailed  analysis  is  tmdertaken,  applying  empirically-derived 
rules  to  establish  the  likely  intensity  £md  type  of  icing.  This 
process  is  quite  subjective  and  is  a  matter  of  the  forecaster' s 
a±)llity  and  experience  in  realizing  the  importemce  of  local  icing 
effects  (ex.  terrain)  that  would  not  be  evident  in  any  standard 
NWS  product. 

The  USAF  is  the  lead  activity  for  icing  forecasts  within 
the  Department  of  Defense,  being  responsible  for  forecasts  for 
both  the  Air  Force  AWS  detachments  and  the  Army;  in  addition, 
the  Navy  generally  applies  techniques  used  by  the  AWS  in  fore¬ 
casting  icing.  The  Air  Force  Global  Weather  Central  (AFGWC) 
Issues  time-phased  icing  forecasts,  depicting  areas  of  potential 
icing  for  12  hour  periods,  for  the  Northern  Hemisphere  for  the 
layer  from  10  to  55  thousand  feet.  Additionally,  icing  forecasts 
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for  the  layer  from  the  surface  to  10000  ft  are  produced  for  the 
contiguous  United  States  and  Europe.  These  products,  which  are 
transmitted  via  facsimile  or  teletype,  are  the  end  product  of  an 
elaborate  production  cycle  which  makes  use  of  both  numerical  and 
analysis  products  relevaint  to  the  icing  environment. 

Once  available  at  AWS  detachments,  the  AF6HC  charts  seirve  as 
primary  guidance  for  preparing  a  specific  mission  icing  forecast. 
Since  they  are  valid  for  long  periods  (12  hr) ,  the  forecaster 
must  use  other  aids  to  determine  if  the  icing  potential  still 
exists  for  the  local  area  of  interest.  Satellite  imagery, 
weather  depiction  charts  (nephanalyses) ,  and  upper  air  charts 
are  used  to  determine  current  cloud  locations  (or  areas  of 
likely  cloud  formation)  and,  if  needed,  primary  forecast  guidance 
is  corrected  for  advective  effects.  Oftentimes,  a  AWS  detachment 
forecaster  examines  a  rawinsonde  sounding  or  soundings  upwind  of 
the  operational  forecast  area  for  potential  icing  to  ascertain 
what  conditions  in  the  near  future  may  be  advected  into  the 
location  of  interest.  A  popular  technique  that  is  applied  to  a 
sounding  to  accomplish  this  is  the  Minus  8D  method,  which  is 
based  on  the  dewpoint  depression  D  and  upon  considerations  of 
cloud  saturation  with  respect  to  ice  eund  water.  By  and  large, 
the  final  detail  and  accuracy  of  an  AWS  detachment  icing  forecast 
is  a  function  of  the  amount  of  available  time,  and  the  experience 
and  atbility  of  the  forecaster. 


Today,  the  procedural  techniques  set  forth  in  AWS/TR-80/001, 
Forecaster' s  Guide  on  Aircraft  Icing,  are  the  most  widely  applied 
in  the  military  operational  setting;  indeed,  most  of  the  rules 
euid  techniques  listed  in  this  guide  are  also  found  in  the  Navy 
Aerographer' s  Mate  1  &  C  (MAVETRA  1974).  As  the  first  phase  of 
the  procedure  in  the  preparation  of  am  aircraft  icing  forecast, 
preliminary  investigations  are  made  for  the  determination  and 
prognosis  of  clouds,  temperatures  and  areas  of  precipitation 
along  the  proposed  flight  path.  A  potential  for  icing  is 
established  by  this  preliminary  analysis  provided  supercooled 
liquid  water  drops  -  clouds  or  precipitation  -  at  below  freezing 
temperatures  are  indicated  along  the  flight  path.  For  a  defini¬ 
tion  of  the  type  and/or  severity  of  the  icing  conditions,  the 
forecaster  chooses  one  of  three  methods,  based  on  available  time 
and  data. 

Method  1,  which  requires  rather  detailed  data,  entails  the 
exeunination  of  upwind  or  prognostic  soundings  which  are  expected 
to  be  representative  of  conditions  along  the  route  at  flight 
time.  The  type  of  icing  is  determined  by  the  temperature  lapse 
rate  (change  of  temperature  with  height)  on  the  sounding  in  the 
supercooled  cloud  layers.  St2d>le  layers,  within  which  air 
parcels  are  subject  to  restoring  forces,  are  assvimed  to 
represent  stratiform  clouds  (with  rime  icing) ,  while  unstable 
layers  represent  cumuli form  clouds  and  clear  icing.  Once  the 
type  of  icing  hasbeen  determined  for  the  flight  level,  an 
overlay,  designed  for  use  on  the  USAF  Skew  T-  Log  P  sounding 
plotting  chart,  is  used  to  depict  its  severity.  With  icing 
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intensity  quantitatively  defined  in  terms  of  droplet  dizuneter 
and  LWC,  the  assumption  of  mean  droplet  dieuneters  of  14  ^m  for 
stratiform  clouds  (rime  icing)  emd  17  fzm  for  cumuliform  clouds 
(clear  icing)  results  in  liquid  water  contents  for  various 
intensities  (Table  1) .  Thus,  the  curves  depicted  on  the 
forecasting  overlay,  based  on  considerations  of  liquid  water 
content  for  various  cloud  base  temperatures  and  heights  for 
stratiform  and  cxunuliform  clouds,  provide  a  quantitative  method 
of  predicting  icing  intensity. 


Tz±ile  1.  Relationship  of  Icing  Intensity  to  Liquid  Water 
Content  (from  AHS,  1980) . 


Cumuliform  clouds 
Liquid-water  content* 
g/m^ 

Icing 

intensity 

Stratriform  clouds 
Liquid-water  content** 
g/m  ^ 

<0.07 

Trace 

<  0.11 

0.08  -  0.49 

Light 

0.12  -  0.68 

0.50  -  1.00 

Moderate 

0.69  -  1.33 

>1.00 

Severe 

>1.33 

*  Assumed  droplet  diauneter  17  micrometers 

**  Assumed  droplet  dizuneter  14  micrometers 


Method  2  is  limited  to  stratiform  clouds  and  is  intended  for 
use  if  a  forecaster  lacks  sufficient  data  or  time.  This  procedure 
determines  the  phase  condition  of  the  particles  in  stratiform 
clouds  along  the  flight  path  using  frost -point  considerations. 

A  nomogram,  devised  from  studies  by  Appleman  (1954)  and  updated 
with  additional  weather  reconnaisszunce  data,  is  provided  in 
AHS/TR-80/001  for  application  of  this  procedure  (Figure  7) .  To 
apply  this  method,  the  forecaster  needs  to  estziblish  the  presence 
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FREC'AIII  TeMFEI«ATURE,*e 

Figure  7 .  Nomogram  for  Application  of  Frost  Point  Technique 
for  Rime  Icing  in  Stratiform  Clouds  (from  AKS,  1980) . 

of  stratiform  clouds  (from  staibility  or  other  considerations) , 

then  to  plot  flight  level  temperatures  and  dew  points  on  the 

chart .  The  likelihood  of  icing  is  then  read  directly  from  the 

chart.  In  Figure  1,  the  line  (temperature  equals  dew  point 

ten^erature)  represents  saturation  with  respect  to  water  emd  the 

line  T-Tf  *0 . 9T^  is  em  approximation  of  saturation  with  respect 

to  ice.  Ideally,  icing  should  occur  between  these  two  lines; 

however,  the  95%  limit  of  icing  encounters  from  en^irical  studies 

is  above  T«0 . 9T^,  reflecting  the  fact  that  reported  hximidity 

values  are  often  inaccurate  (most  often  too  low) .  This  method 

by  itself  does  not  specify  icing  intensity. 
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Method  3  recommended  by  AWS/TR-80/001  consists  of  using 
estaUblished  empirical  rules  to  forecast  icing  intensity  and  type 
These  rules  are  based  on  temperature,  dew  point,  temperature 
advection,  cloud  aind  precipitation  information  that  can  be 
obtained  from  surface  reports,  radiosondes,  auid  upper  air  charts 
A  decision  tree  based  on  these  empirical  rules  is  shown  in 
Figure  8 . 

Several  AFGWC  numerical  icing  products  (used  Internally  as 
production  aids)  automatically  apply  rules  for  the  prediction 
of  icing  conditions  as  outlined  in  AWS/TR-80/001.  The  DWE 
(Diagnostic  Weather  Element)  processes  AFGWC  temperature,  cloud, 
dewpoint  depression,  and  gridded  winds  using  the  TR-80  rules 
shown  in  Figure  8  to  produce  an  icing  chart.  As  an  alternative 
to  the  DWE  icing  forecast  model,  which  operationally  has  shown  a 
bias  toward  analyzing  and  forecasting  too  much  moisture  and 
cloud,  the  AUTICE  (Automated  Ice)  model  was  developed  by  Mansur 
(1984) .  AUTICE  is  essentially  the  same  as  DWE  but  with  several 
additional  physical  restraints  (ex.  vertical  velocity,  vorticity 
advection)  added  to  filter  out  what  was  felt  to  be  excessive 
areal  coverage  by  D?«E;  unfortunately,  as  reported  by  Mansur, 
test  results  for  AUTICE  were  mediocre.  Another  icing  model  uses 
the  output  from  the  AFGWC  Smith-Feddes  LWC  model  coupled  with 
the  automatic  application  of  the  rules  given  in  AWS/TR-80/001 
to  forecast  the  type  and  severity  of  aircraft  icing.  The  Smith- 
Feddes  LWC  model  extracts  moisture  data  from  a  multilayer 
vertical  cloud  distribution  data  base  emd  temperature  from  an 
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analysis  data  set,  creating  a  gridded  multilayer  liquid  water 
content  field.  The  previously  discussed  icing  potential 
climatology  by  USAFETAC  (1986)  was  compiled  using  Smith-Feddes 
LWC  model  statistics  covering  a  4  year  period. 

Within  the  Navy,  a  remote  site  automatic  icing  analysis 
routine  for  radiosondes,  based  on  AWS/TR-80/001  forecast  rules 
(Figrure  8)  euid  updated  cloud  characterizations,  is  currently 
operational.  This  program,  developed  in  Fortram  77  to  run  on  the 
the  HP9020A  con^uter  of  the  Navy's  Tactical  Environmental  Support 
System  (TESS)  ,  is  now  deployed  at  some  lauid  sites  and  ed^oard 
selected  vessels  within  the  fleet.  Details  of  the  TESS  aircraft 
icing  probad>ility  model,  developed  by  Richard  Jeck,  can  be  found 
in  NOO  (1988) . 

The  skill  and  accuracy  of  present  day  forecast  techniques 
for  aviation  icing  lag  behind  those  for  general  weather  phenomena 
(ex.  precipitation,  temperature,  winds)  due  to  the  many  complex 
aspects  of  the  problem.  Only  10  years  ago,  ice  forecasting  was 
judged  to  be  accurate  approximately  50  percent  of  the  time  by  a 
group  of  experts  in  attendence  at  several  workshops  on  meteoro¬ 
logical  and  environmental  inputs  to  aviation  systems.  Since 
then,  progress  has  steadily  been  made  in  aviation  icing 
forecasting.  Improvements  in  numerical  forecasting  and  data 
assimilation  techniques  now  permit  more  timely  icing  forecasts 
utilizing  more  detailed  data.  The  ingress  of  satellite  derived 
temperature  and  dewpoint  temperature  profiles  into  numerical 
icing  models  alleviates  the  problem  of  inadequate  observational 
data  bases,  especially  for  data  sparse  regions  (ex.  oceans) . 


Research  toward  understanding  the  structure  of  storms,  and  the 
atmospheric  conditions  within  such  stoirms  that  lead  to  icing, 
permits  better  characterization  of  icing  for  models.  The 
development  of  new  sensors,  eJsle  to  observe  meteorological 
phenomena  related  to  aircraft  icing  and  yield  new  information 
on  finer  scales  auid  with  better  continuity,  support  the  efforts 
within  the  aviation  icing  research  community  directed  toward 
verification  and  improvement  of  forecast  techniques. 

At  the  present  time,  the  problem  of  aviation  ice  forecasting 
is  being  addressed  by  a  multi-departmental  (DOT,  NASA,  DOD,  DOC, 
and  NSF)  and  three-phase  prograun  entitled  "National  Plan  to 
Improve  Aircraft  Icing  Forecasts"  (FCMSSR,  1986b) .  As  stated  in 
the  executive  svimmary,  the  goals  of  the  prograun  are  to  gather  a 
reliaUble  data  base  to  better  tanderstand  the  characterization  of 
aircraft  icing,  to  evaluate  icing  forecasting  techniques,  to 
develop  improved  methods  for  detecting  and  forecasting  icing, 
and  to  provide  relevant  technology  transfer  to  the  aviation 
community.  Additional  information  relating  to  this  progreun  can 
be  found  in  the  "National  Aircraft  Icing  Technology  Plan, "  also 
published  by  the  Federal  Coordinator  for  Meteorological  Services 
and  Supporting  Research  in  1966. 

5 .  INSTRUMENTATION 

A  required  tool  in  the  detecting,  monitoring  and  forecasting 
of  the  aircraft  icing  environment  is  instrumentation.  In  order 
to  adequately  deal  with  the  problem  of  aircraft  icing,  a  wide 


34 


variety  of  icing  environment  instrumentation  may  be  employed, 
including  balloon-borne  radiosonde  and  rawinsonde,  airborne 
sensors  to  measure  LHC,  drop  size,  temperature  and  ice  accretion 
rate,  aund  remote  sensing  devices,  such  as  profilers,  satellite 
sounders  and  radar.  In  am  operational  setting,  what  can  be 
discerned  from  icing  instrumentation,  controls  and  regulates 
the  operation  of  onboard  ice  protection  systems. 

Until  such  time  that  accurate  satellite  data  are  available 
on  a  routine  and  timely  basis,  telemetry  in  the  form  of  radio¬ 
sonde  and  rawinsonde  will  continue  to  be  the  primary  source  for 
upper  atmosphere  data  required  for  "real-time"  forecast  purposes. 
Radiosondes  and  rawinsondes  are  usually  launched  at  12-hour 
intervals  from  station  locations  rather  sparsely  and  irregularily 
distributed  throughout  the  world.  Rawinsondes  provide  accurate 
pressure  (altitude) ,  temperature,  humidity  and  wind  information, 
but  do  not  provide  direct  measurements  of  cloud  LWC  or  drop-size 
distribution.  As  a  consequence,  rawinsonde  pareuneters  and  models 
are  used  to  infer  (rather  inexactly)  the  essential  ice  forecast¬ 
ing  pareuneters-  LWC  and  drop-size  distribution.  Depending  upon 
the  level  of  sophistication  at  a  forecasting  office,  available 
radiosonde  euid  rawinsonde  soundings  could  be  utilized  manually 
in  the  preparation  of  an  icing  forecast  or  could  be  processed  for 
entry  into  automated  icing  forecasting  routines,  such  as  the 
Navy's  TESS  aircraft  icing  probability  program.  Additionally, 
radiosonde  and  rawinsonde  data  are  transmitted  in  near  real-time 
to  weather  centrals,  which  assimilate  the  data  into  three- 
dimensional  analysis  fields  for  entry  into  numerical  icing  models. 
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Airborne  sensors  permit  in-situ  real-time  detecting  and 
monitoring  of  the  icing  environment-  Information  from  such 
sensors  can  be  automatically  relayed  to  onboard  computers  to 
activate  de-icing  systems  or  commence  flight  pattern  corrections 
to  avoid  icing  conditions.  Additionally,  data  from  airborne 
icing  sensors  can  be  telemetered  to  weather  stations  on  a 
continuing  basis  to  supplement  the  data  base  required  for 
"real-time"  analysis  and  forecasting  of  the  icing  environment 
along  the  flight  route. 

The  "usual"  icing  parameters  measured  by  airborne 
instrumentation  are  generally  thought  of  as  outside  air 
temperature  (OAT) ,  liquid  water  content,  and  droplet  size  and 
distribution.  For  maximum  operational  effectiveness,  each  of 
these  icing  pareuneters  needs  to  be  measured  to  a  high  degree  of 
accuracy  and  repeated>ility .  Unfortunately,  many  instruments  in 
use  today  for  obtaining  airborne  icing  environment  information 
are  not  sufficiently  accurate,  reliable  or  consistent,  or,  are 
unsuitcible  for  a  particular  airframe  because  of  weight,  power, 
size  and  vibration  restrictions.  Instrumentation  to  measure  OAT, 
LWC  and  drop-size  distribution  are  next  reviewed. 

Sensors  for  OAT  are  designed  to  provide  an  indication  of  the 
free  air  temperature  surrounding  the  airplame  in  flight.  Host 
commonly,  the  measurement  of  OAT  is  with  a  platinum  sensing 
element  located  in  a  cylindical  probe  housing  affixed  to  the 
vmderside  of  a  wing  or  the  fuselage.  The  design  of  the  probe 
housing  is  such  as  to  minimize  the  effects  of  radiation  and 
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conduction,  and  the  impaction  of  water  onto  the  probe  element. 
Current  accuracy  for  platinum  sensing  element  temperature  probes 
is  +-  0.5°C. 

LWC  data  commonly  come  from  icing  rate  meters,  hot  wire 
probes,  and  by  calculation  from  the  drop-size  distribution 
obtained  with  laser  spectrometer  probes.  Although  there  are 
probes  with  both  manual  and  remote  electrical  readout,  the  focus 
here  will  be  on  the  latter,  since  these  are  the  appropriate  ones 
for  a  pilotless  HALE  aircraft.  Much  of  the  following  description 
of  LWC  sensors  is  from  Olsen  (1980)  and  FCMSSR  (1986a) . 

Electrical  ice  accretion  rate  meters  measure  the  time  it 
takes  to  accumulate  ice  to  some  preset  thickness.  All  automatic¬ 
ally  turn  on  electric  heaters  to  de-ice  the  sensing  probe  after 
some  ice  thickness  is  obtained,  and  then  begin  the  detectionin 
terrupted  by  the  growing  ice  layer  on  a  small  rod.  The  popular 
Rosemount  detects  changes  in  the  resonant  frequency  of  the 
vibrating  sensor  element  as  ice  acc\aroulates  on  it.  The  United 
Controls  probe  employs  beta  radiation,  which  is  attenuated  as  the 
ice  accumulates .  Ice  accretion  rate  meters  do  not  measure  LWC 
directly;  rather,  time  averaged  or  instantaneous  values  of  LWC 
are  deduced  from  calibrations  which  contain  uncertainties.  In 
addition  to  calibration  uncertainties,  there  is  also  an  inherent 
error  at  temperatures  greater  than  -5®C  where  run-off  can  cause 
under-estimations  of  LWC.  According  to  Olsen,  a  practical 
problem  which  besets  many  of  the  electrical  ice  accretion  rate 
instruments  is  that  they  do  not  have  enough  de-icing  heat  for  a 
cloud  of  high  LWC. 


Hot  wire  probes,  such  as  the  J-W  (Johnson  and  Williams) , 
Normalaire-Garrett  or  CSIRO,  use  the  greatly  increased  heat 
transfer  coefficient  that  results  from  droplets  impinging  upon 
the  sensor  surface.  In  general,  the  surface  temperature  (i.e., 
the  electrical  resistance  is  measured)  is  held  constant  and  the 
heat  flux,  i.e.,  electrical  power  to  the  surface  heater,  is 
measured.  These  probes  use  an  "always-dry"  sensor  as  a 
reference.  Hot  wire  probes  are  calibrated  directly  in  LWC  which 
can  operate  at  all  ambient  temperatures  but  are  sxibject  to  drift 
and  need  frequent  attention  to  rezero  in  cloud-free  air  during 
flight.  The  error  limits  of  hot  wire  probes  are  within  +-  20%, 
with  accuracies  of  .1  to  .2  g/m^  and  precisions  from  .05 
to  . 1  g/m^ . 

Laser  spectrometers,  such  as  the  Forward  Scattering 
Spectrometer  Probe  (FSSP)  manufactured  by  Particle  Measuring 
Systems  (PMS) ,  Inc.  of  Boulder,  CO.,  calculate  the  LWC  from  the 
same  drop-size  histogram  data  that  it  uses  to  calculate  the 
volume  median  drop  size.  The  principal  source  of  error  known 
to  apply  to  PMS  probes  is  the  10%  uncertainty  in  particle  size 
determination  as  specified  by  the  meuiufacturer .  Since  LWC  is 
proportional  to  the  cube  of  droplet  dieuneter,  a  +-  10%  error  in 
droplet  diameter  results  in  a  possible  30%  error  in  LWC  computed 
from  the  droplet  size  distribution. 

The  cloud  droplet  size  spectrum,  which  mainly  affects  the 
extent  of  the  surface  where  ice  will  accumulate,  is  most  commonly 
measured  by  laser  spectrometers.  The  FSSP  is  a  single  particle, 


optical  counter  which  obtains,  as  a  function  of  time  and  aircraft 
position,  the  total  droplet  nximber  density  and  the  droplet  size 
spectrum  between  the  limits  of  1  to  45  f/m,  with  an  accuracy  and 
precision  of  2  fxm.  Data  from  this  type  probe  are  automatically 
recorded  emd  processed  by  onboard  con^uters.  Drawbacks  in  the 
use  of  an  FSSP  probe  include  its  relatively  heavy  weight  and 
susceptaUbility  to  icing  within  the  san^ling  aperture,  which 
results  in  a  loss  of  data. 

PMS,  Inc.  also  manufactures  other  optical  array  probes  to 
measure  hydrometeors  larger  than  those  saunpled  by  the  FSSP  (ex. 
ice  crystals  and  water  drops) .  In  particular,  two-dimensional 
PMS  probes  can  generally  distinguish  ice  particles  from  water 
drops  for  sizes  larger  than  200-250  jim.  Although  ice  crystal 
content  is  generally  believed  not  to  have  any  serious  effects 
on  potential  ice  accumulation,  large  water  drops  that  could  be 
sensed  by  these  2-D  probes  can  present  serious  icing  hazards 
(i.e.,  freezing  rain  or  drizzle). 

By  and  large,  the  use  of  remote  sensing  to  detect  and 
monitor  atmospheric  icing  conditions  is  still  in  the  experimental 
research  and  development  stage.  Remote  sensing  instruments  not 
only  offer  measurements  useful  for  estimating  the  icing 
potential,  but  also  provide  better  temporal  etnd  spatial 
resolution  than  is  presently  availeible. 

Ground-based  radar  has  proven  useful  in  snow  recognition, 
but  is  not  very  sensitive  to  supercooled  cloud  droplets  of 
5-50  fim  diameters.  Although  very  detailed  information  on  the 
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vertical  structure  of  icing  conditions  is  not  obtainaJsle  from 
radar,  it  is  edsle  to  detect  bright  bands  which  are  generally 
recognized  as  lines  of  demarcation  between  snow  emd  ice  crystals 
and  liquid  water,  near  the  0°C  isotherm.  When  used  with 
supporting  data  on  teo^erature,  moisture,  auid  cloud  type  and 
motion,  the  detection  of  bright  bands  allows  the  radar  operator 
to  make  a  reasonable  Inference  of  the  icing  potential.  Experi¬ 
mental  radars,  utilizing  dual  polarization,  have  demonstrated 
the  capaUtsility  of  providing  hydrometeor  type  and  drop-size 
information . 

Profiler  radiometer  data  (LWC  and  temperature)  appear  to 
have  good  potential  as  an  indication  of  aircraft  icing  condi¬ 
tions,  especially  if  used  in  combination  with  other  remote 
detection  devices.  The  radiometer  detects  the  total  aunount  of 
liquid  in  a  column  above  the  radiometer  without  distinguishing 
different  liquid  water  contents  or  whether  the  water  is  super¬ 
cooled.  A  method  to  infer  and  predict  icing  conditions  from 
these  profilers  would  have  to  incorporate  other  remote- sounding 
parauneters,  e.g.,  radar  cloud  altitudes  and  satellite-sensed 
cloud  tops,  and  incorporate  other  meteorological  data.  Further 
details  on  remote  detection  of  aircraft  icing  conditions  using 
microwave  radiometers  caui  be  fovund  in  Decker  et  al.  <1986). 
Information  from  satellite  sounders,  such  as  the  VAS  (Visible 
Infared  Spin-scan  Radiometer  Atmospheric  Sounder) ,  although  not 
studied  as  yet  in  relation  to  the  icing  problem,  will  be  very 
useful  in  the  development  of  good  icing  detection  and  monitoring 
algorithms,  due  to  its  wide  coverage  and  type  of  data  (moisture) . 
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Generally  speaking,  ice  protection  systems  could  be 
classified  under  the  heading  of  icing  instrumentation.  However, 
since  the  development  of  such  protection  systems  is  in  the  realm 
of  aerospace  engineering,  wd  is  essentially  optimized  for  each 
aircraft  type  euid  design,  it  will  not  be  treated  here. 

6.  SUMMARY  AND  RECOtfilENDATIOMS 

This  report  has  dealt  with  four  main  topics:  1)  the 
characterization  of  the  icing  environment;  2)  its  distribution; 

3)  icing  forecasting;  and  4)  icing  instrumentation.  The  first 
topic  is  of  prime  importance  to  HALE  designers  and  engineers, 
who  require  knowledge  of  the  atmospheric  icing  environment  during 
design  and  testing  of  the  HALE  prototype.  The  latter  three  topics 
are  operationally  of  great  importance;  both  icing  forecasting  and 
instrumentation  present  viaOsle  approaches  for  minimizing  inflight 
icing  hazards  during  HALE  missions. 

Ice  accretion  occurs  when  supercooled  cloud  droplets  impact 
upon  a  passing  aircraft  whose  surface  temperature  is  below 
freezing.  The  nature  of  ice  accretion  is  complex  and  depends 
on  various  physical  factors.  Key  meteorological  factors  include 
the  LWC,  the  drop-size  distribution,  the  temperature  and  the 
horizontal  extent  of  the  supercooled  clouds  along  the  flight 
path.  Aerodynamic  factors  are  the  collection  efficiency  of,  and 
the  compressive  heating  over,  all  parts  of  the  aircraft  as  a 
function  of  design  and  speed. 
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Aircraft  icing  occurs  in  three  basic  forms  -  clear  ice,  rime 
ice  and  frost,  the  latter  of  little  importance  for  inflight 
operations.  Clear  ice  is  normally  associated  with  cumuliform 
clouds,  and  rime  icing,  with  stratiform  clouds.  Ice  accretion 
in  the  form  of  clear  ice  has  substantially  greater  effects  on 
aircraft  performance  than  cases  of  rime  ice  with  similar  total 
accretion.  The  existence  of  ice  crystals  does  not  have  any  major 
influence  on  aircraft  ice  accretion. 

The  distribution  of  icing  in  the  atmosphere  is  dependent 
upon  the  temperature  and  moisture  structure  which,  in  turn, 
varies  with  altitude,  synoptic  conditions,  orography,  location 
and  season.  Aircraft  icing  is  rare  below  -30°C,  and  is  mostly 
confined  to  altitudes  below  20000  ft  A6L.  Statistics  indicate 
that  icing  is  very  probzible  if  the  dewpoint  spread  is  less  than 
3°C.  Frontal  systems  are  preferred  locations  for  aircraft  icing,* 
indeed,  the  most  hazardous  icing  condition,  freezing  rain  or 
drizzle,  are  usually  associated  with  warm  fronts.  Orographic 
uplift  euid  air  mass  modification  processes  often  lead  to  enhanced 
icing  conditions.  Although  icing  may  occur  during  any  season,  it 
is  most  prevalent  in  the  winter  half  of  the  year  in  middle  lati¬ 
tudes,  and  during  summer  in  polar  regions.  Within  the  tropics, 
the  highest  frequency  of  icing  will  occur  in  organized  convective 
systems  during  the  rainy  season (s). 

Aircraft  icing  forecasts  are  generally  imprecise  amd  widely 
considered  in  need  of  improvement.  A  major  barrier  to  improved 
icing  forecasts  is  the  Inadequate  operational  data  base.  Within 
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the  military  sector,  forecasting  technicjues  are  primarily  based 
on  methods  detailed  in  AHS/TR~60/001.  The  AF6WC  issues  icing 
forecast  products  which  serve  as  primary  guidance  for  military 
detachments.  Although  automated  icing  forecast  programs  are 
now  becoming  available  to  field  offices,  the  final  detail  and 
accuracy  of  the  operational  icing  forecast  for  any  specific 
flight  mission  ultimately  depends  on  the  experience  and  aibility 
of  the  local  forecaster. 

Icing  instrumentation  is  required  in  the  detection,  monitor 
ing  and  forecasting  of  the  aircraft  icing  environment.  Ground- 
based  rawinsonde  and  radar  provide  essential  data  needed  for 
entry  into  manual  or  automated  forecasting  aids.  Airborne 
sensors,  capable  of  monitoring  ice  accretion,  provide  vital 
information  for  automatic  control  and  regulation  of  onboard  ice 
protection  systems,  or  for  flight  pattern  corrections.  Advanced 
remote  sensing  instrvimentation,  such  as  profilers  and  satellite 
sounders,  appear  to  have  good  potential  for  monitoring  aircraft 
icing  conditions,  but  are  still  largely  in  the  experimental 
research  and  development  stage. 

Although  aircraft  icing  is  a  low  probability  event,  the 
icing  environment  does  present  a  major  barrier  to  full  utiliza¬ 
tion  of  the  HALE  aircraft  with  safety.  To  overcome  this  barrier 
the  HALE  prototype  must  be  adequately  designed  auid  extensively 
tested  for  potential  operation  in  icing  conditions.  A  full 
assessment  of  the  sensitivity  of  the  HALE  prototype  design  to 
ice  accretion  must  be  made.  With  inflight  testing  of  the  HALE 


aircraft's  response  to  icing  conditions  neither  practical  nor 
advisadsle,  amalytical  simulation  modelling  and  laboratory  testing 
should  be  utilized  to  determine  HALE  aircraft  aerodyneunic 
performance  amd  handling  qualities  in  an  icing  environment,  as 
well  as  to  evaluate  anti-icing  or  de-icing  equipment. 

In  addition  to  ice  protection  systems  factored  into  the 
design  of  the  HALE  aircraft  from  the  outset,  the  installation  of 
an  onboard  ice  accumulation  detector  should  be  considered.  The 
usefulness  of  such  an  icing  instrument  should  more  than  offset 
the  slight  added  weight  and  power  r acquirements.  Operationally, 
signals  from  an  ice  detector  could  be  processed  by  the  onboard 
computer  in  terms  of  integrated  rate  units,  a  pure  number  which 
can  be  correlated  to  the  thickness  of  ice  which  will  have 
accreted  on  aircraft  primary  systems  (ex.  engine  inlets, 
induction  systems,  etc.).  Aircraft  de-icing  systems  would  be 
automatically  activated  if  a  preset  number  of  integrated  rate 
units  is  reached,  and  correction  flight  procedures  initiated  if  a 
critical  nximber  is  exceeded.  Laboratory  testing  and  calibration 
of  any  such  ice  measuring  instrument  would  be  required. 

Icing  forecasting  should  be  utilized  during  all  stages  of 
a  HALE  mission  susceptible  to  possible  icing  conditions,  i.e., 
take  off,  landing,  and  ascent  and  descent  through  the  lower 
troposphere.  The  forecast  office  should  be  staffed  by  personnel 
experienced  and  capable  in  aircraft  icing  forecasting,  and  know¬ 
ledgeable  of  local  meteorological  conditions  within  the  HALE 
operating  area  which  could  significantly  Impact  icing  forecasts. 
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The  forecast  office  will  require  detailed  observational  data  and 
guidemce  information,  as  availaJble  via  teletype  and  facsimile 
circuits,  for  preparation  of  forecasts.  If  the  forecast  office 
is  located  at  the  site  where  the  HALE  pleme  will  take  off  and 
land,  that  station  should  be  equipped  with  either  radiosonde  or 
rawinsonde  capaJoility  and,  if  possible,  also  with  remote  sensing 
cap2J?ilities,  such  as  a  weather  radar  euid  a  microwave  scanning 
radiometer.  Finally,  the  use  of  am  automated,  in-situ  icing 
forecasting  prograun,  which  will  reduce  manpower  requirements 
and  provide  more  timely  forecasts,  is  highly  recommended. 

Obviously,  the  only  sure  way  to  eliminate  the  icing  threat 
is  to  fly  the  HALE  aircraft  in  a  cloudless  environment;  unfor¬ 
tunately,  though,  this  is  not  always  possible.  To  reduce  the 
threat  of  inflight  icing  hazards,  certain  "actions  and  options" 
may  be  of  some  assistance  to  flight  controllers.  First,  in 
recognition  of  the  distinct  possibility  of  premature  stalling 
due  to  the  undesirad^le  effects  of  ice,  no  effort  should  be  spared 
to  keep  the  HALE  aircraft  as  free  as  possible  from  any  accumula¬ 
tion  of  frost  or  ice  during  takeoff  or  landing.  Second,  the  HALE 
aircraft  should  avoid  icing  conditions  if  uncertainty  exists 
about  the  magnitude  or  scope  of  the  icing  environment.  Third,  if 
flight  through  icing  conditions  is  unavoideUt>le,  the  flight  path 
should  be  controlled  in  such  a  way  as  to  avoid  sustained  flight 
in  the  upper  half  of  cumulus  and  stratus  clouds  where  large  water 
droplets  and  LHC  are  found.  Additionally,  in  flight  over  rugged 
terrain,  the  HALE  aircraft  should  be  flown  perpendicular  to  the 


mountain  reuige  so  as  to  minimize  its  exposure  to  intensive  icing 
in  regions  where  strong  upward  currents  are  capable  of  supporting 
larger  tham  average  water  droplets.  Finally,  the  HALE  aircraft 
should  be  continuously  monitored  while  within  the  lower  tropo¬ 
sphere  for  indications  of  ice  accumulation,  either  by  onboard 
icing  instrumentation  or  by  assessment  of  critical  performance 
factors.  Ice  protection  systems  aboard  the  HALE  aircraft  should 
be  activated  when  icing  conditions  become  prevalent.  Onboard 
indications  of  ice  accumulation  beyond  the  amti-icing  capabil¬ 
ities  of  the  plane  should  be  met  with  immediate  action  to  depart 
the  icing  environment  expeditiously.  Excessive  ice  acc\imulation 
could  be  best  shed  at  low-level  flight  at  temperatures  8d>ove 
freezing. 
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